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Abstract. This paper presents new U-Th ages obtained by LA-MC-CP-MS (laser ablation - multi-
collector - inductively coupled plasma - mass spectrometry) on coral samples from a sedimentary core
of the Tunis lagoon. The ages and calculated (*34U/238U) initial ratios, similar to the seawater value
for most corals demonstrate that they behaved as closed systems, or with only a very limited loss of
23417 and 239Th. The ages (from 196 to 182 ka) show that the coral-rich sediments were deposited near
the end of isotope stage 7. The precision on the dates is comparable to those of alpha-spectrometry
(around 7.6% on average), but the possibility of multiple in-situ analyses offers other advantages. An
example is provided by the very unusual open-system behaviour found in the outer Mg-calcite border
of a coral branch, formed by a coralline red alga. The very high (234U/ 238U) and (230Th/ 23‘8U) activity
ratios (1.41 and 2.04, respectively) are tentatively explained using the model proposed by Thompson
et al. [2003], that involves continuous enrichment of 2347Th (2347) and 239Th recoil nuclei provided by
an U-enriched source. We suggest that this source might come from the bio-mineral itself, in the form
of organic matter originally involved in the encrusting algal activity, and eventually degraded with an
almost complete U-loss.
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1. Introduction

The so-called U-Th method (*33U-?34U-?3Th) has
long been one of the most useful dating methods for
carbonates formed during the last 500-600 ka. The
development of mass spectrometry and in particu-
lar the advent of multi-collector, plasma source mass
spectrometers (MC-ICP-MS) has resulted in an ex-
treme precision in dating pure carbonates, such as
speleothems and corals [Edwards et al., 2003, and
references therein]. When high precision is not an
issue, U-Th dating through laser-ablation MC-ICP-
MS (LA-MC-ICP-MS) is an interesting alternative to
time-consuming conventional methods, allowing a
high throughput and high spatial resolution analyses,
which may help selecting the most pristine parts of
the carbonate sample. This method can also serve
as a screening method before high-precision analy-
ses through MC-ICP-MS method on dissolved sam-
ples. Until now, comparatively few studies have used
this approach [e.g. Eggins et al., 2005, Potter et al.,
2005, Hoffmann et al., 2009, Spooner et al., 2016, Lin
etal.,, 2017, Sharp et al., 2019]. Recently, Martin et al.
[2022] developed a new method using a single collec-
tor plasma source sector field mass spectrometer and
a femtosecond laser (fsSLA-ICP-SFMS) to perform U-
Th analyses on carbonate samples. This method al-
lows mapping of U and Th isotopes used for dating
and correction of potential detrital contamination.
We report here the results obtained by LA-MC-
ICP-MS on coral samples found in a sedimentary
core from the Tunis lagoon (Tunisia). While all anal-
yses of the pristine aragonite coral branches give co-
herent ages conform to the stratigraphy, we show that
a thin overgrowth of Mg-calcite, corresponding to a
bio-carbonate secreted by a coralline alga, is char-
acterized by an exceptional enrichment in 234U and
230Th, well beyond the closed-system domain in the
U-Th evolution diagram. Bulk analysis by dissolution
of the coral sample might thus have given an older
age than the actual one. In this study, we discuss
open-system models able to explain these results.

2. Geological setting

The region along the Gulf of Tunis, on the NE coast
of Tunisia, is characterized by the presence of sev-
eral sebkhas and one lagoon (Figure 1), which were
isolated from the open Mediterranean Sea through

the formation of a sandy lido. The main sediment
contributor is Oued Medjerda to the North, and, to
a lesser extent, Oued Meliane to the South [Zaara
Ben Mosbah et al., 2010, 2017]. While the present
mouth of Oued Medjerda in the Gulf of Tunis is lo-
cated around 36 km north of Tunis, ancient courses
flowed further South, just north of the present day
Ariana sebkha. The Tunis area is characterised by
Oligo-Miocene NW-SE normal faults, which were
sometimes reactivated during the Early Quaternary
as strike slip faults [Ben Ayed et al, 1985]. In a
sustained effort to document the sedimentation and
faunal evolution during the late Quaternary, several
cores were drilled around the Ariana sebkha [Zaara
Ben Mosbah et al., 2010], and the Tunis lagoon [Zaara
Ben Mosbah et al., 2017]. Their locations are indi-
cated on the map of Figure 1. The present work was
undertaken to define the chronology of the LS1 sed-
imentary core drilled on the southern border of the
Tunis lagoon. A full description of the sedimentology,
macro- and micro-fauna of this core can be found in
the paper by Hajji et al. [2023].

3. Samples and method

Loose coral branches of the species Balanophyllia
Regia were recovered at several levels from the 40 m
long LS1 sedimentary core [Zaara Ben Mosbah et al.,
2017, Hajji et al., 2023] (Figure 2). They were ex-
tracted from the silty-clayed and sometimes sandy
sediment, and carefully cleaned with distilled water.
The coral fragments were sawed into cm-long sec-
tions, ultrasonically cleaned in ultra-pure water and
dried at 60 °C. They were then included in an araldite-
type resin, using plastic moulds of 25 mm internal di-
ameter manufactured by Struers™. After consolida-
tion, the surface was polished, and a final ultrasonic
cleaning was applied before analysis.

Laser ablation isotopic analyses were done us-
ing a Neptune® MC-ICP-MS manufactured by Ther-
moFisher Scientific, interfaced with a Teledyne G2
excimer laser delivering a short pulse, 193 nm laser
beam (AETE-ISO analytical platform of the OSU
OREME, University of Montpellier). Analyses were
carried out using a laser spot size of 150 um in diam-
eter. The power of the laser was adjusted to 7 J/ cm?,
with a frequency of 10 Hz. Ablation experiments
were conducted in a two-volume Helex cell. Samples
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Figure 1. Geological map of the coastal area along the Gulf of Tunis [NE Tunisia; after Ben Ayed et al.,
1985 and Hajji et al., 2023]. The analysed samples come from the LS1 core, on the SE border of the Tunis

lagoon.

and reference materials were ablated under pure He-
lium (c. 1 L/mn), which was mixed with N, gas flow
(c. 10 ml/mn) after the ablation cell, and later with Ar
just before entering the plasma source.

The main analytical parameters are summarized
in Table 1, together with the cup configuration used
for U-Th analyses. 23U signals of around 30 mV
(with a 10! Q resistor) were obtained for coral sam-
ples. Due to the low-intensity of 2*U and 2*°Th
signals, both isotopes require the use of SEM, and
the analysis cannot be done in a single static mode.
We used essentially the same method described by
Eggins et al. [2005]. The analyses were made in

a raster mode (2 mm-long track with a speed of
10 um/s, and a ~1 s integration time). In a first step,
230Th is measured on the SEM, 23°U on the H3 cup,
and 238U on the H4 cup. With the above parame-
ters, 200 239Th/238U ratios are measured. Then, in
a second step, using the same track as previously,
234U is measured on the SEM, ?32Th on the L1 cup
(with a 10'? Q resistor), 23U on the H1 cup and 238U
on the H2 cup. During this step, 200 234U/?%U ra-
tios are measured. In order to correct for instrumen-
tal mass bias, elemental fractionation between U and
Th isotopes, and SEM-Faraday cup gain, the bracket-
ing standard method was used. The standard used is
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Figure 2. Coral branches of Balanophyllia Re-
gia embedded in the sediment of core LS1 from
the Tunis lagoon [Hajji et al., 2023]. The pen is
14 cm long.

a calcite sample from a speleothem collected in the
Wilder Mann cave in Austria [WM1 sample, Meyer
et al., 2009]. This speleothem has been dated by the
U-Pb method at 2 Ma [Meyer et al., 2009], and secu-
lar radioactive equilibrium was verified by Hoffmann
et al. [2007] and Cheng et al. [2013]. Analyses of the
WML1 standard were intercalated between 2 to 4 coral
sample analyses. Before laser ablation, background
counts of the SEM were measured at masses 230 and
234. The backgrounds at masses 230 and 234 are usu-
ally around 1 count/s and <0.2 count/s respectively.
Background at mass 234 is negligible compared to
the 234U signals, generally =100 cps, and within mea-
surement uncertainties, but background at mass 230
is not, since 23°Th signals as low as 20 cps are mea-
sured and a background correction has to be applied.

Tailing effects of 232Th mass on 23°Th, and 23U
mass on 23U should also be considered. However
as 232Th contents in aragonite are very low (a few
ppb), the tailing of the 23?Th peak under mass 230
is negligible, even without the retarding potential
quadrupole (RPQ) filter. Without the RPQ, the con-
tribution of the 238U tail to mass 234 (33U ,;/%4U)
is 2.3 x 1077, With 23U/?%U atomic ratios be-
tween 5 and 6 x 1075, the correction on the mea-
sured 234U/?38U ratio is less than 0.5%. More-
over, as 2*U/?38U ratios of aragonite samples and
of the WM1 standard are all very similar, the cor-

rection on the (***U/?%U) activity ratio is less than
1%y, largely within measurement uncertainties. Tail-
ing corrections were slightly larger for the C28-O
sample because of its higher Th content and high
(?34U/2380) ratio, compared to WM1: 2%, and 3.4%o
for (34U/238U) and (?*°Th/?%8U) ratios respectively.

(*%4U/?%8U) and (*®°Th/?%U) activity ratios
are simply calculated by dividing the respective
interpolated 238U/?%°Th and 2%8U/?%*U atomic
ratios of the WMI1 standard by those mea-
sured on samples, since WM1 is in secular ra-
dioactive equilibrium (e.g.  (***Th/®®U)gample =
23815230 Ty /238U /230Thsample x1).

In addition, trace element contents of one of the
C28 coral branch and its overgrowth (C28-0) were
performed in-situ by laser ablation ICP-MS using
a single collector, sector field, Element XR ICP-MS
(ThermoFisher Scientific) and the same laser as de-
scribed above (Teledyne G2). Analyses were per-
formed using a 85 pm spot size, a 5 Hz frequency and
a 5.5 J/cm? energy density. Total analysis time was
80 s with the first 40 s used for background measure-
ment before sample ablation. Synthetic glass NIST
612 was used for external calibration [values after
Pearce et al., 1997]. Internal standard was CaO (56%
stoichiometric value) and accuracy of the analyses
was monitored using the fused glass standard BIR-1G
(values taken from GEOREM preferred values) and
the WM1 matrix matching reference material [Meyer
et al., 2009]. Data evaluation was done with the soft-
ware package Glitter [Van Achterberg et al., 2001].

4. Results and discussion

Analytical results are reported in Table 2 (U-Th iso-
topic analyses) and Table 3 (trace element concentra-
tions of coral branch C28 and its border C28-0).

For U-Th isotopic analyses, except for the sin-
gle C28-0 analysis, all other coral data represent
weighted averages of several laser-ablation analyses
of each coral sample (4 to 6 analyses). It should
be noted that the U contents quoted in Table 2 are
only indicative. They are calculated by comparing
the 238U signals of the sample and WM1 standard,
and taking into account the average U content mea-
sured on our piece of WM1 standard (22.7 + 2.4 ppm,
calibrated against the NIST 612 standard). However,
the U distribution in the WM1 calcite is not uniform,
and we estimate that the precision on the U con-
tents in our coral samples is not better than 10%.
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Table 1. Laser-ablation parameters and Neptune Plus cup configuration used for the analyses of coral

samples
Laser Spotsize Repetition Energy Lengthof Linescan Arsample He carrier N;add
system (nm) rate (Hz) (J/cm?) line scan speed gas flow gas flow  gas flow
(mm) (nm/s) (L/min) (L/min) (L/min)
150 10 7 10 1 0.010
Cup L3 L2 L1 C/SEM H1 H2 H3 H4
configuration (102 Q)
Line 1 230Th (234U) 235U 238U
Line 2 232Th 234U 235U 238U

Table 2. U-Th results for 5 aragonitic corals from the Tunis lagoon and the Mg-calcite border of the C28

sample (C28-0)

Samples Depth Numberof U  (3°Th/2%u) (33U/?%U)  Age (ka) OSAge  (33*U/?%U),
(m) analyses (ppm) (ka)

C26.8 26.8 5 1.95 0.830+0.014 1.065+0.006 160.3+6.5 182+9 1.102 +0.009
C28 28 5 1.98 0.872+0.029 1.078+0.013 174+15 183 +21 1.127 +0.020
C28-0 28 1 1.49 2.044 +0.072 1.406 + 0.020

C32.5 32.5 5 2.14 0.889+0.030 1.080+0.007 181+16 18716 1.133+0.012
C36.4 36.4 4 3.02 0.891+0.015 1.079+0.013 183+10 189+19 1.132+0.020
C38.2 38.2 4 2.62 0.906 +0.038 1.079+0.007 191+21 196+21 1.135+0.013

Ages and (334/2381), initial ratios are calculated using the IsoplotR program [Vermeesch, 2018], with the
decay constants given by Cheng et al. [2013]. All reported errors are 20. U contents are only indicative
(£10%, see text). OS ages are open-system ages calculated with the model proposed by Thompson et al.
[2003] assuming that all coral samples initially incorporated U with the seawater (334 /2380 ratio of 1.145.

The U contents (2 to 3 ppm) of the analysed corals
are well within the range found in aragonite corals
[1.5 to 4 ppm; Scholz and Hoffmann, 2008]. Th con-
tents are usually in the ppb range in aragonite corals.
The calculated (338U/232Th) and (2*®Th/232Th) activ-
ity ratios are both higher than 1000 in most analyses
of our coral samples (>100 in sample C36.4), and no
detrital correction has been applied. The relative in-
ternal precisions on (>3°Th/?%U) and (>**U/?%U) ra-
tios (1 standard error on the average of 200 ratios for
a single analysis) are 1.5-2% and 0.7% respectively.
These values are comparable to those reported in
other studies using LA-MC-ICP-MS for U-Th dating
of carbonates [e.g. Eggins et al., 2005]. However, the
uncertainties reported in Table 2 takes into account
the dispersion of the ratios for several analyses of a
given coral sample, giving a more realistic estimate
of the true uncertainties.

(*30Th/?%8U) and (?**U/?%8U) activity ratios in
the analysed coral samples from various depths
range from 0.830 to 0.906 and from 1.065 to 1.080
respectively. A notable exception is the sample C28-
O, which represents an overgrowth on a section of
coral C28, and has very high ratios of 2.044 and
1.406 respectively. This sample will be discussed
later in Section 4.2.

4.1. Agesand ( 23417238 ) initial ratios

The ages and initial (*3*U/?38U), ratios were calcu-
lated using the IsoplotR program [Vermeesch, 2018],
based on the original Isoplot program developed by
Ludwig [1999]. They are reported in Table 2 and in
the evolution diagram of Figure 3a. Ages range from
191 ka at 38.2 m depth to 160 ka at 26.8 m depth,
decreasing towards the top of the core in agreement
with the stratigraphy. (?3*U/238U), initial ratios are
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Table 3. Comparison of the minor and trace element contents of coral aragonite and the outer Mg-calcite

border produced by a coralline alga (C28-0 sample)

Concentration in Mg-calcite (ppm)

CMg—calcite / Caragonite

Element Concentration in Aragonite (ppm)
B 27.7
Mg 0.101%
Ca 39.4%
Sr 7340
Ba 12.7
Al <DL
Mn 0.87
Fe 158
Co 0.36
Cu 0.24
Zn 2.57
Y 0.09
La 0.20
Ce 0.54
Pr 0.051
Nd 0.23
Sm 0.028
Eu 0.0047
Gd 0.019
Tb 0.0031
Dy 0.011
Ho 0.0014
Er 0.0068
Tm 0.0007
Yb 0.0077
Lu 0.0004
Pb 0.036
Th 0.0037
U 1.84

18.2 0.66
4.15% 41.0
34.2% 0.87

1460 0.20

10.0 0.79

21.3

167 188

1280 8.15

0.88 241

1.40 5.85

9.59 3.74

2.85 32.5

0.88 4.41

2.62 4.83

0.25 4.91

1.12 4.94

0.32 11.5
0.091 19.2

0.40 20.9
0.068 22.0

0.42 37.9
0.088 62.5

0.25 36.6
0.037 49.8

0.27 34.6
0.036 83.2

1.31 36.8
0.147 39.7

1.48 0.80

Reported values are averages of 4 analyses for both aragonite and Mg-calcite.

compatible with the seawater ratio of 1.145 [Chen
et al., 1986], or 1.1468 [Andersen et al., 2010], within
20 uncertainties, except for the youngest C26.8 coral
which has a slightly lower ratio (1.102 + 0.009). The
latter could be the result of a change from open-
sea to lagoon conditions, with a greater influence
of seepage groundwater. But it could also indicate
an opening of the U-Th system, as suggested by the
rather large age difference between corals sampled
at 28 and 26.8 m depth (~14 ka). It might be signif-

icant that all the other samples, although close to the
seawater curve, do plot slightly below this curve (Fig-
ure 3a), suggesting a possible minor open-system be-
haviour. Thompson et al. [2003] proposed an open-
system model that explains data below the seawater
evolution curve by losses of 234Th (2%4U) and 23Th
recoil nuclei. Correcting the ages using their model
gives ages increasing from 182 ka at 26.8 m to 196 ka
at 38.2 m depth. These open-system ages are also
reported in Table 2. As expected, only the coral age
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at 26.8 m is significantly different from its closed-
system age (182 ka instead of 160 ka). All coral sam-
ples belong to the end of isotope stage 7 [or sub-
stages of isotope stage 6; Railsback et al., 2015], con-
firming earlier alpha-spectrometry results obtained
on samples from the Ariana sebkha and Tunis lagoon
[Zaara Ben Mosbah et al., 2010, 2017]. These new
ages better constrain the stratigraphic correlations
along the coasts of the Gulf of Tunis, and the evolu-
tion of the Tunis lagoon from an open-sea to a closed
lagoon environment. A thorough discussion is to be
found in the paper by Hajji et al. [2023].

4.2. The C28-0 sample: Evidence for exceptional
open-system behaviour

The C28-0 sample corresponds to a light brown
outer layer surrounding the white aragonite skele-
ton of a few of the C28 coral branches (inset of Fig-
ure 3b). This laminated overgrowth is made of suc-
cessive thin layers (25 to 40 um thick) of calcite with
a palisade texture (Figure 4). Such a laminated struc-
ture results from the activity of coralline red algae,
belonging to the Lithophyllum pustulatum species
[Braga, personal communication; Braga and Aguirre,
1995]. The absence of any apparent discontinuity be-
tween the aragonitic coral skeleton and the calcite
crust suggests that the coralline algae developed on
the living coral, or soon after its death in the marine
environment.

Minor and trace element analyses were carried out
in-situ using LA-ICP-MS on this outer layer (Table 3),
and the results compared to those obtained on the in-
ner aragonite coral skeleton. The calcite outer layer is
enriched in Mg (17 mol%) and depleted in Sr and, to
alesser extent, Ba compared to the aragonite. Indeed
Sr and Ba are easily substituted to Ca in aragonite, but
not in calcite, contrary to Mg. Mg-calcite is the pri-
mary bio-mineral commonly produced by coralline
red algae in Neogene seawater [e.g. Ries, 2010]. The
low Al content (21 ppm on average) in the Mg-calcite
layers shows the absence of significant contamina-
tion by detrital clay minerals [0.02% assuming an Al
content of 11% in the clay component as done by
Henderson et al.,, 2001]. Most of the other analysed
elements are enriched in the Mg-calcite compared to
the aragonite. This is true for REE, particularly for the

a 1.20
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(234u/238U)
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100 b o V0 0 W/
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Figure 3. (a) Data for the coral samples re-
ported in the (?34U/28U)-(23Th/?38U) evolu-
tion diagram. Four of the five samples plot on
the seawater evolution curve (in blue) within
20 uncertainties (see text for discussion).
(b) Enlarged U-Th evolution diagram that
shows the data for the Mg-calcite border of
the C28 coral sample, well into the “forbidden”
zone for a closed-system evolution (limited by
the red line). Inset: a polished section of a C28
coral branch, around 6 mm in diameter. The
coral skeleton is made of aragonite while the
light-brown outer layer is made of Mg-calcite
resulting from the activity of an encrusting
coralline red alga (see text for discussion).

heavy REE and Y, and also for divalent transition el-
ements, like Mn, Fe, Co, Cu, Zn. The large enrich-
ment in Y and HREE in the Mg-calcite is probably due
to the close similarity of their ionic radii with that of
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Figure 4. Close-up view of the C28 aragonite
skeleton and the Mg-calcite outer layer. The
dashed lines delineate the laser track used for
U-Th analysis by LA-MC-ICP-MS in the arag-
onite, while the circles indicate spots used for
trace element analyses by LA-HR-ICP-MS.

Ca’* (e.g. Lu, Y and Ca have the same ionic radius
of 0.93 A). The charge balance needed to incorpo-
rate these trivalent ions can be provided by the sub-
stitution of CO3~ by BO3™, one of the boron oxyan-
ions found in biogenic calcite [Balan et al., 2016]. Mn
and Fe are strongly enriched in the Mg-calcite (Ta-
ble 3). The presence in and between the Mg-calcite
layers of dark inclusions and brown deposits suggests
that these elements might be partly included in Fe-
Mn hydroxides. Th content is also relatively high
(0.15 ppm), with a U/Th ratio of 10, and is unlikely to
derive exclusively from a detrital clay component in
view of its very small proportion as indicated by the
low Al content of the Mg-calcite layer. Conversely, Th
might have been scavenged directly from seawater at
the time of Mg-calcite production by the coralline al-
gae. In that case, a significant amount of °Th could
have been initially introduced in the calcite, as the
(?30Th/232Th) activity ratio in surface seawater can be
much higher than the “crustal” ratio of about 0.8 usu-
ally assumed for a detrital component in radioactive
equilibrium [e.g. Henderson et al., 2001, Roy-Barman
et al., 2002].

The most striking feature is the very high
(330Th/238U) and (2%*U/238U) ratios found in this
calcite outer layer (2.044 and 1.406 respectively).
When plotted on the U-Th evolution diagram (Fig-
ure 3b), the representative data point clearly falls in

the “forbidden” zone, and cannot be explained by a
closed-system evolution. Open-system behaviour of
the U-Th system in carbonates produced by coralline
algae has already been reported by Linge et al. [2008].
None of their data, however, falls into the forbid-
den zone. To our knowledge, there is no mention
of other carbonate samples plotting so far away
of the closed-system limit in the U-Th evolution
diagram.

Numerous open system-models were developed
to explain high (334U/238Y) and associated anoma-
lous (*3°Th/?%8U) ratios in marine carbonates such
as corals, aragonite-rich sediments or mollusc shells.
Most of them are referenced in the Cheng et al.’s pa-
per [1998] that extends the discussion to the 23°U-
Z31pa system. These authors considered several
processes of episodic or continuous loss or gain of
238y, 234y and/or 239Th, and showed that the true
age of altered corals can sometimes be derived from
the intersection of their linear array and the seawa-
ter evolution curve in the U-Th diagram, in a similar
way as in the U-Pb Concordia diagram. Yehudai et al.
[2017] modelled the effect of recrystallization of coral
aragonite to calcite to infer U-Th ages of uplifted ma-
rine terraces in the Gulf of Aqaba.

Scholz et al. [2004] devised a model to explain
(234U/2381), initial ratios higher than the seawater
value in altered corals. They assume that corals of
the same age undergo various degrees of U gain with
a given (>3*U/?%U) ratio higher than the seawater
value of 1.145, followed by U loss in the same pro-
portions. Their model also results in a linear array
in the U-Th evolution diagram, with the true age ob-
tained as described above for the Cheng et al.’s [1998]
model.

Another category of open-system models only in-
volves enrichments of the samples in 224U and 23°Th
by alpha-recoil processes from an external source,
usually the surrounding sediment [Henderson et al.,
2001, Villemant and Feuillet, 2003]. The most com-
plete model was proposed by Thompson et al. [2003].
All these models however were designed to explain
coral data that do not plot on the seawater evolution
curve in the U-Th evolution diagram, but still are, for
most of them, in the closed-system field (i.e. an ap-
parent age could be calculated). Whether they can
explain the data of our Mg-calcite sample, which plot
well outside the closed-system field, is the purpose of
the following discussion.



Michel Condomines et al. 211

The model proposed by Scholz et al. [2004] in-
volves a post-crystallization addition of U with a
high (33*U/2?38U) ratio, necessarily higher in our case
than the measured ratio of 1.41. If this U addi-
tion occurred shortly after the formation of the coral
aragonite skeleton and the sub-contemporaneous
coralline alga Mg-calcite, with an age of 174 ka, the
initial (334U/2%8U), ratio of the added U should be
higher than 2.30. Such values are commonly found
in continental groundwater [e.g. Osmond and Cow-
art, 1992]. Marine pore waters, however, do not
show such high ratios [e.g. Maher et al., 2004], and
it is difficult to envision how a terrestrial groundwa-
ter could have percolated through the deeply buried
and relatively impermeable marine sediment. For
this reason, we have preferentially tested the model
proposed by Thompson et al. [2003], that does not
require a fluid with a high (*?**U/?38U) ratio, but a
source enriched in U that provides 234ThH (234U) and
230Th recoil nuclei to the Mg-calcite.

The results of the model are graphically rep-
resented in the U-Th evolution diagram of Fig-
ure 5. The source is assumed to have the seawater
(334U /2380) ratio of 1.145. The fraction of 234Th re-
coil nuclei remaining in the source (f>34) is set at
0.95. This implies a f>39 of 0.9421 [Villemant and
Feuillet, 2003]. Evolution curves of (23°Th/238U) and
(234U /?38U) ratios are drawn for different values of R
(with R = f - [U]s/[U]c, where f is the fraction of re-
coiling nuclei that is actually added to the Mg-calcite
and subscripts s and c¢ apply to the source and the
Mg-calcite respectively) according to Equations (20)
and (21) in Thompson et al. [2003]. The straight lines
are open-system isochrons. The limiting open sys-
tem straight line for an infinite time is shown on the
graph and compared to the closed system limit. Its
slope only depends on the f>34 value [Equation (23)
in Thompson et al., 2003]. It is clear that the model
can explain data that plot in the forbidden zone of
the closed system. However this model of contin-
uous addition of recoil nuclei implies that the data
point(s) should plot on an isochron correspond-
ing to the age of the beginning of the process. In
our case, the addition of recoil nuclei could not be
older than the age of the coral, i.e. 174 ka (+15 ka).
As illustrated in Figure 5, the Mg-calcite data fall
to the right-hand side of this isochron (or even to
the right of a 204 ka isochron, taking into account
the maximum age based on the uncertainty of the

open-system age). The (**U/?38U) ratio of 1.406
can be reached after 174 ka with a R ratio of 16.4,
but the (?3*Th/?38U) ratio is still lower (1.877) than
the measured value of 2.044. There are two possible
explanations for this discrepancy. One involves the
presence of a significant amount of initial 2*°Th in-
corporated in the Mg-calcite. In order to obtain the
measured ratios in 174 ka, an initial (33°Th/238U),
ratio of 0.82 is required. If 29Th, together with 23>Th
were directly scavenged from seawater, this would
imply an initial (*°Th/?3?Th), ratio of about 25, a
value much higher than those usually measured in
surface seawater [<10; e.g. Roy-Barman et al., 2002,
Anderson et al., 2012]. Alternatively, the Mg-calcite
might have experienced a recent U loss (8.2%), in-
creasing its (330Th/238U) ratio, without affecting the
(#34U/?38U) ratio.

The most severe constraint of this model is that it
requires a high R ratio, i.e. a source highly enriched
in U. Assuming that half of the recoil nuclei escap-
ing from the source are introduced in the Mg-calcite,
ie. f =0.5 the U content of the source should be
around 50 ppm. Such high U contents are not un-
usual in black shales rich in organic material [e.g.
Bogdanov et al., 1999]. We suggest that organic tis-
sue of the coralline red algae might have played an
essential role in scavenging U from seawater. Al-
gae are indeed well known for their capacity to ab-
sorb trace elements like U, and they have been used,
for example, to remove U from mining waste waters
[Kalin et al., 2005]. On the other hand, Amiel et al.
[1973] used the fission track method to analyse U in
organic matter extracted from a coral skeleton, and
estimated that the U content in organic filaments was
between 40 and 70 ppm. A recent paper by De Car-
valho et al. [2022] demonstrates that encrusting algae
of the genus Lithophyllum produces Mg-calcite in-
side the cell walls from its earlier development stages.

A thin organic algal tissue enriched in U might
offer the ideal conditions to provide recoil nuclei to
the growing Mg-calcite layers. After the death of the
coralline algae and their burial in the reduced zone
of the sediment, U is probably further scavenged and
stabilized in its tetravalent oxidation state, becom-
ing a long-lasting source of **Th (**4U) and ?*°Th
recoil nuclei. Ultimately this organic matter will be
decomposed and its U lost, leaving only the Mg-
calcite enriched in recoil nuclei, while their source
has eventually disappeared. If this model is valid,
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Figure 5. The open-system model proposed by
Thompson et al. [2003] in the U-Th evolution
diagram. Several curves are shown for differ-
ent values of R, proportional to the ratio of the
U contents in the source of recoil nuclei and in
the gaining Mg-calcite. Straight lines are open-
system isochrons. A 174 ka evolution with an
R = 16.4 can explain the (?3*U/?8U) ratio of
the Mg-calcite but not exactly its (*3°Th/?8U)
ratio. This could result from a recent U loss
(black horizontal arrow on the graph). The
limits (when ¢ tends towards infinity) for open
and closed systems are also indicated (full and
dashed lines respectively). See text for a de-
tailed discussion.

then the source of recoil nuclei is not to be looked for
outside the biologically produced carbonate, but in-
side it. The main difference between coral aragonite,
that often evolves as a closed system and Mg-calcite
produced by encrusting coralline algae would reside
in the different spatial connections between organic
matter and carbonate in those two bio-minerals, and
their respective ability to allow U-loss during decay
of organic matter.

This model remains speculative, however, and fur-
ther studies are needed to decipher the behaviour of
the U-Th system between organic tissue and carbon-
ates produced by bio-mineralisation. In view of its
strong potential to concentrate U, organic matter is
likely to be implied in the disturbances that can af-
fect the U-Th system.

5. Conclusions

This study confirms that LA-MC-ICP-MS can be suc-
cessfully applied to date marine carbonates such
as corals. Although much less precise than U-Th
analyses by TIMS or MC-ICP-MS on dissolved sam-
ples, LA-MC-ICP-MS provide stratigraphically coher-
ent results, as demonstrated by our data on coral
fragments from a core of the Tunis lagoon. Their ages
(from ca 200 to 180 ka) show that this sedimentary se-
quence was deposited during the end of isotope stage
7 (penultimate Interglacial).

LA-MC-ICP-MS analyses are especially useful
when small parts of the samples require particular
attention. This is illustrated in our study by the pres-
ence around a coral branch of a Mg-calcite border,
that was produced by a coralline red alga. Contrary to
the aragonitic coral skeleton, that remained a closed-
system, the Mg-calcite border is strongly enriched in
234 and 230Th, requiring open-system processes.

The Mg-calcite data are tentatively explained us-
ing the Thompson et al.’s [2003] model based on con-
tinuous addition of recoil nuclei from an U-enriched
source. This model can roughly explain the present
data although some additional process like a recent
U-loss is probably involved.

The U-rich source required by the model might be
provided by thin films of algal organic matter, able
to scavenge U from seawater. This organic compo-
nent could survive in the reduced zone of the sedi-
mentary pile, before being ultimately decomposed,
leaving only the Mg-calcite crystals enriched in recoil
nuclei.
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